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 2 
ABSTRACT 24 
 25 
Females of several primate species undergo cyclical changes of their sexual skin, namely the 26 
development of a swelling and/or a change in color. The relationship between within cycle 27 
probability of fertility and the size of sexual swellings is well established, but the only study to 28 
combine an objective measure of color with endocrinological data found no evidence that 29 
swelling color contains such information. To evaluate the role of female skin color in the 30 
context of sexual signaling further, we investigate whether changes in sexual skin color contain 31 
information about the timing of the fertile phase in rhesus macaques, a species in which adult 32 
females do not develop sexual swellings, but do express visually detectable changes in the skin 33 
color of the face and hindquarters. Using an objective and quantitative measure of color, along 34 
with detailed data on fecal progestogen and estrogen metabolite levels collected from 8 35 
females of the Cayo Santiago colony, we show that the ratio of red to green (R/G) for facial and 36 
hindquarter skin significantly varies throughout the ovarian cycle. In addition, facial skin R/G is 37 
significantly higher during the 5-day fertile phase compared to the 5-day periods immediately 38 
preceding or following this time, but no such pattern is found in hindquarter R/G. This suggests 39 
that skin color change in female rhesus macaques may potentially signal information about the 40 
within cycle probability of fertility to male receivers, but that only facial skin color may signal 41 
reliable information about its timing. 42 
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INTRODUCTION 47 
 48 
In several primate species, there is variation over the ovarian cycle in the sexual skin of females, 49 
namely an increase in size (‘sexual swelling’) and/or change in color (Dixson 1983; Nunn 1999; 50 
Zinner et al. 2004). Among cercopithecines, the ancestral state appears to include changes in 51 
both the size and color of the skin of the anogenital region and its surrounding areas, and a lack 52 
of these traits is most likely due to secondary loss (Dixson 1983; 1998; Nunn 1999). Members of 53 
this subfamily who express changes in skin color, but who do not have sexual swellings, may 54 
therefore represent an intermediate evolutionary stage to a complete loss of sexual skin 55 
changes (Sillén-Tullberg and Møller 1993; Dixson 1998). All such species express skin color 56 
changes in the anogenital region (e.g. vervets, Cercopithecus aethiops, and patas monkeys, 57 
Erythrocebus patas; Dixson 1983; 1998), while some also express color change in ventral 58 
anatomical areas such as the chest and abdomen (gelada baboons, Theropithecus gelada: 59 
Matthews 1956; Alvarez 1973), as well as the face (e.g., rhesus macaques, Macaca mulatta: 60 
Zuckerman et al. 1938; Baulu 1976; Japanese macaques, M. fuscata: Fujita et al. 2004). 61 
 62 
Given that changes in the sexual skin of cercopithecines occur over the ovarian cycle, they may 63 
contain information regarding the within cycle likelihood of conception. Indeed, a relationship 64 
between the size of sexual swellings and the timing of the fertile phase is well established (e.g., 65 
Macaca nigra: Thomson et al. 1992; M. tonkeana: Aujard et al. 1998; Pan troglodytes: Deschner 66 
et al. 2003; M. fascicularis: Engelhardt et al. 2005; M. sylvanus: Möhle et al. 2005; Hylobates 67 
lar: Barelli et al. 2007; Papio cynocephalus: Gesquiere et al. 2007; Papio anubis: Higham et al. 68 
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2008). In contrast, few studies have investigated the potential link between female fertility and 69 
red skin coloration (Bradley and Mundy 2008), even though catarrhine species are trichromats 70 
and thus perceive red (reviewed in: Surridge et al. 2003; Waitt and Buchanan-Smith 2006), and 71 
red skin coloration has been proposed to be an important socio-sexual signal in these species 72 
(Changizi et al. 2006; Fernandez and Morris 2007). Of those studies undertaken, most lacked an 73 
objective means to quantify color (Czaja et al. 1977; Gauthier 1999; Fujita et al. 2004), 74 
endocrine information to determine the timing of the fertile phase (Setchell et al. 2006), or 75 
both of these elements (Matthews 1956; Alvarez 1973; Baulu 1976). The only study to date to 76 
combine an objective measure of color with endocrinological data found no evidence that 77 
anogenital skin color contains precise information regarding the timing of the fertile phase in 78 
olive baboons (P. anubis), a species with a prominent sexual swelling (Higham et al. 2008). To 79 
our knowledge, no comparable analysis has been carried out on a species lacking a prominent 80 
swelling. In order to evaluate the role of female skin color in the context of sexual signaling 81 
more fully, data for more species based on objective measures of color and detailed hormone 82 
profiles are therefore required, with special attention paid to species which do not have sexual 83 
swellings. 84 
 85 
Adult female rhesus macaques do not exhibit sexual swellings, but do express changes in the 86 
skin color of the face and hindquarters (i.e. the anogenitals, legs, thighs, and base of the tail) 87 
which are very pronounced, ranging from pale pink to deep red, and clearly visible to human 88 
observers (Zuckerman et al. 1938; Carpenter 1942; Cleveland et al. 1943; Bernstein 1963; Baulu 89 
1976; Czaja et al. 1977). There is some evidence to suggest skin color change in rhesus 90 
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macaques may contain information about when females are most likely to be fertile during the 91 
ovarian cycle. For example, estrogen, in addition to its reproductive role, regulates variation in 92 
blood flow directly under the skin in this species, which in turn causes changes to skin redness 93 
(Rhodes et al. 1997; reviewed in Dixson 1998). Moreover, male rhesus macaques are more 94 
attracted to redder skin as shown by experiments that recorded gaze durations toward images 95 
of adult females (Waitt et al. 2006; Gerald et al. 2009). The most direct evidence, however, 96 
comes from studies by Baulu (1976) and Czaja et al. (1977). Using subjective observer ratings of 97 
color intensity, and reproductive assessment via reproductive hormones (Czaja et al. 1977) or 98 
visual inspection of menstruation (Baulu 1976), these authors found that the hindquarters of 99 
captive females are reddest at mid-cycle (i.e. when females are more likely to be fertile). While 100 
these results are promising, in order to understand the relationship between skin color and the 101 
timing of the fertile phase in rhesus macaques, studies in which both reproductive status and 102 
color are quantified objectively are required.  103 
 104 
In this study, we combine an objective measure of color with detailed hormonal data to 105 
examine whether facial and hindquarter skin color of free-ranging adult female rhesus 106 
macaques varies over the course of the ovarian cycle in such a way as to reveal information 107 
about the timing of the fertile phase. This constitutes the first study of its type in nonhuman 108 
primates to investigate the potential role of skin color as a sexual signal in a species without a 109 
sexual swelling. 110 
 111 
METHODS 112 
 6 
 113 
Study site and subjects 114 
 115 
We studied free-ranging rhesus macaques on Cayo Santiago (Caribbean Primate Research 116 
Center, Puerto Rico). Data were collected during the peak of the mating season from April 22nd 117 
to July 12th, 2007. At the time of study, our focal group (Group ‘V’) comprised 22 adult females 118 
(≥7 years old), 9 nulliparous females (3-5 years old) and 15-20 sexually active males (≥ 4 years 119 
old). Data presented in this paper are from 8 parous adult females (average age: 9.3 years, 120 
range: 6-17) for which both sufficient fecal samples for assessment of the ovarian cycle, and 121 
skin color data, were available. We analyzed 10 ovarian cycles for the face and 8 for the 122 
hindquarters. Of the 10 cycles used, 5 were conceptive (as indicated by maintenance of 123 
elevated PdG levels for more than 4 weeks and/or occurrence of birth).  124 
 125 
Assessment of skin coloration 126 
 127 
We used digital images of subjects’ faces and hindquarters to quantify color. Images were 128 
captured using a Canon EOS Digital Rebel XTi camera with a 10.1 megapixel CMOS censor and 129 
an EF28-135mm f/3.5-5.6 IS USM lens. Photographs were taken in RAW format and converted 130 
to 16-bit TIFF files for analysis. We attempted to capture all images straight on (i.e. directly 131 
facing the camera). Images were captured approximately 1-3 meters from subjects with the 132 
flash disabled and with the shutter speed and aperture size determined automatically by the 133 
camera. Images were collected between 7:30AM and 10:30AM, a time period leading up to and 134 
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following the distribution of commercial food by CPRC employees and characterized by feeding 135 
behavior and general activity (e.g. traveling, vigilance). Images of subjects in locations that were 136 
unevenly or heavily shaded, as well as those in full sunlight, were avoided.  137 
 138 
Immediately following the capture of an image, a second photograph was taken of a color 139 
rendition chart (GretagMacbeth ColorChecker, hereafter ‘color chart’). Color charts were placed 140 
in the same location as the subject, and were photographed under the same lighting conditions 141 
using the same shutter speed and aperture size as for the subject image (Higham 2006; 142 
Bergman and Beehner 2008; Higham et al. 2008). The color chart consists of 24 colored squares 143 
of known and varying reflectance. Following Bergman and Beehner (2008), we adjusted subject 144 
images according to the known values of their corresponding color charts using the inCamera 145 
plug-in (Pictocolor Corporation, v. 4.0.1) for Adobe Photoshop (CS2, 9.0.1). This technique 146 
allows comparisons of color data between images captured under different lighting conditions 147 
and with different camera settings. 148 
 149 
To verify whether our method measures color accurately, we tested our outputs for a linear 150 
relationship to light intensity and determined whether the reflectance values of the 3 color 151 
channels were equal (Stevens et al. 2007; Stevens et al. this issue). To achieve this, we 152 
measured the red, green and blue (R, G and B) reflectance values for each of the 6 gray colored 153 
squares of 10 adjusted color chart images. Linear regressions of the measured R, G and B values 154 
and the known reflectance values of the grey squares yielded an R2 of 1.0 for all 3 color 155 
channels. The absolute difference between measured reflectance values of R, G and B was in 156 
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the range of 0-2 (out of a maximum possible difference of 255) with a mean (+/- SD) difference 157 
of 0.52 ± 0.64. Based on these findings, we concluded our method measures color accurately. 158 
 159 
Color was measured in 10x10 pixel areas from 3 pairs of points on the face, and from 1 pair of 160 
points on the hindquarters in pre-defined locations to ensure consistency between individuals 161 
(Figure 1). One pair of points on the face was measured in the middle of the canthal eye region 162 
(i.e. the outer corner of the eye; see Figure 1). A second pair of points was measured in the 163 
upper cheek region; we selected this point to lie midway along an imaginary line extending 164 
horizontally from the hairline to another line, which was extended vertically from the inner 165 
corner of the eye to the outer edge of the nostril. We chose the third pair of points to lie 166 
midway along a line extending horizontally from the outer edge of the nostril to the hairline. 167 
For the hindquarters, we measured color from 1 point directly underneath each of the ischial 168 
callosities. These points were all easily identified in straight on and slightly angled images. 169 
When a point could not be selected, either because it was obstructed by an object (e.g. a tree 170 
branch) or because of the angle of the image, the point was discarded. We determined mean R, 171 
G and B values for each point (Jasc Paint Shop Pro 7) and from these calculated mean values for 172 
the face and hindquarters. Following Bergman and Beehner (2008), we used the ratio of R to G 173 
(hereafter, ‘R/G’) to assess changes in skin color.  174 
 175 
Assessment of the ovarian cycle and definition of the fertile phase 176 
 177 
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We collected a median of 31 fecal samples per focal female during the period of image 178 
collection (range: 14-42), with samples collected on average every 2.7 days (range: 1.9-5.8). We 179 
collected samples directly after defecation and discarded those that were contaminated with 180 
urine. We homogenized fecal boluses and placed 0.5-2 g in individual polypropylene tubes. 181 
Samples were kept on ice until they were returned to the field station at the end of the 182 
observation day where they were stored at -20°C. Samples were shipped on dry ice to the 183 
German Primate Center for hormone analysis.  184 
 185 
Prior to hormone analysis, fecal samples were lyophilized and pulverized (Heistermann et al. 186 
1993) and an aliquot of the fecal powder was extracted with 3 ml of 80% methanol in water 187 
(Heistermann et al. 1995). The sample extracts were centrifuged (3000 rpm, 5 min) and 188 
supernatants were stored at -20°C until assay. Fecal extracts were measured for progestogen 189 
and estrogen metabolites using microtiterplate enzymeimmunoassay (EIA) for pregnanediol 190 
glucuronide (PdG) and estrogen conjugates (E1C). These assays are described in detail by 191 
Heistermann et al. (1995), and have both been successfully used for monitoring female 192 
reproductive status and the timing of ovulation in macaque species (Shideler et al. 1993; Fujita 193 
et al. 2001; Heistermann et al. 2001). As shown in Figure 2, both assays were highly successful 194 
in yielding the typical patterns of estrogen and progestogen during the ovarian cycle in rhesus 195 
macaques, from which timing of ovulation and the fertile phase could be reliably deduced (see 196 
below). Sensitivity of the assays at 90% binding was 12.5pg for PdG and 1.0pg for E1C. Inter-197 
assay coefficients of variation determined from quality controls were 10.6% (high, N=37) and 198 
14.9% (low, N=37) for PdG, and 11.4% (high, N=27) and 14.6% (low, N=27) for E1C. Intra-assay 199 
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coefficients of variation were 7.2% (high, N=16) and 9.4% (low, N=16) for PdG and 5.3% (high, 200 
N=16) and 7.7% (low, N=16) for E1C. 201 
 202 
Fecal progestogen metabolite profiles were used to determine the dates when ovulation most 203 
likely occurred (the ‘ovulation window’). Ovulation was considered to have occurred when PdG 204 
concentrations rose above a threshold of the mean plus 2 standard deviations of 3 to 5 205 
preceding baseline values, and maintained at this level for at least 3 consecutive samples 206 
(Jeffcoate 1983; Heistermann et al. 2001). On the basis of a time lag of 24-56h in the excretion 207 
of reproductive hormone metabolites in the feces of macaques (Shideler et al. 1993) and to 208 
account for life span of the oocyte (France 1981; Deschner et al. 2003; Higham et al. 2008), we 209 
defined the most likely days of ovulation as days -2/-3 relative to the defined PdG rise 210 
(Heistermann et al. 2001; Engelhardt et al. 2004; Brauch et al. 2007) and set the last day of this 211 
ovulation window as day 0 (Figure 2). Following Bosu et al. (1973), we set the length of the 212 
ovarian cycle at 28 days (Figure 2). The fertile phase was defined as a 5 day period including the 213 
2 day ovulation window and the 3 days preceding it to account for sperm life span in the female 214 
tract (Behboodi et al. 1991; Wilcox et al. 1995). The 5 days preceding and the 5 days following 215 
the fertile phase were referred to as pre- and post-fertile phases (Figure 2).  216 
 217 
Data analysis and statistics 218 
 219 
Only cycles for which the frequency of fecal sample collection during the periovulatory period 220 
allowed us to estimate the fertile phase reasonably reliably (i.e. a maximum of a 3-day gap 221 
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between the day of the PdG rise and the previous sample; median: 2, range: 0-3) and for which 222 
at least one picture was available per phase were included in the analyses. We used a total of 223 
10 cycles for the face (2 cycles for 2 females, 1 cycle for 6 females) and 8 for the hindquarters (1 224 
cycle per female) for the analysis. A median of 12 images were available per 28-day ovarian 225 
cycle for facial skin (range: 10-15) and 11 for hindquarter skin (range: 7-14).   226 
 227 
We performed general linear mixed models (GLMM) to examine whether R/G varies in such a 228 
way as to reveal information about the timing of the fertile phase. GLMM is an extension of the 229 
general linear model that accounts for repeated measurements of the same subject and for 230 
unbalanced sample size by including random factors in the model. We analyzed the effect of a 231 
continuous fixed variable, “day to estimated fertile phase” on R/G values and included “female 232 
identity” and “cycle number” as nested random factors. In this analysis, the 5 days of the fertile 233 
phase were all numbered 0; the day directly preceding the fertile phase was labeled day -1, the 234 
day directly following it labeled day 1, and so on (Higham et al. 2008; 2009). First, we tested 235 
whether R/G throughout the 28-day ovarian cycle follows a quadratic curve (i.e. highest values 236 
reached at mid-cycle when the fertile phase occurs). Because GLMMs test for linear 237 
relationships, we squared the numbers of the scale “day to estimated fertile phase” (Higham et 238 
al. 2008; 2009). Next, in order to verify whether R/G values were higher during the fertile phase 239 
compared to each of the other 2 phases, we tested the effect of the “day to estimated fertile 240 
phase” on R/G values during the 10-day periods spanning 2 of the 3 defined phases (fertile vs. 241 
pre-fertile, and fertile vs. post-fertile). Given potential problems associated with GLMMs and 242 
small samples sizes as ours, we also carried out non-parametric statistics (Friedman tests with 243 
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post-hoc Wilcoxon signed-rank tests) using one cycle per female (the cycles for which R/G data 244 
was available for both facial and hindquarter skin) to confirm our results. The two types of 245 
analysis gave results with similar levels of statistical significance and we therefore present only 246 
the results of the GLMMs here. Statistical analyses were undertaken in SPSS 17.0. All statistical 247 
analysis were two-tailed and significance levels set at p<0.05.  248 
 249 
RESULTS 250 
 251 
R/G of both the face and the hindquarters varied significantly throughout the ovarian cycle 252 
when the entire 28 days of the cycle were considered; R/G values rose as the probability of 253 
fertility increased and fell as the probability of fertility decreased (facial skin: F=13.914, 254 
p<0.001; hindquarter skin: F=5.977, p=0.017; Figure 3). Facial R/G was significantly higher 255 
during the fertile phase compared to the 2 other phases (fertile vs. pre-fertile: F=23.257, 256 
p<0.001; fertile vs. post-fertile: F=8.958, p=0.005), but no such pattern was found for 257 
hindquarter R/G (fertile vs. pre-fertile: F=2.932 p=0.097; fertile vs. post-fertile: F=4.102, 258 
p=0.053)(Figure 4).  259 
 260 
DISCUSSION 261 
 262 
Using an objective and quantitative measure of color, along with estimates of ovulation date 263 
based on measurements of fecal progestogen and estrogen metabolite levels, we have shown 264 
that red skin coloration (R/G) for two regions of free-ranging female rhesus macaque sexual 265 
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skin significantly varies throughout the ovarian cycle in such a way that R/G values increase as 266 
the probability of fertility rises. Facial R/G values were significantly higher during the fertile 267 
phase compared to the 5-day periods immediately preceding and following it, but such a 268 
pattern was not found for hindquarter R/G. Therefore, although sexual skin color appears to 269 
contain general information about the probability of fertility during the ovarian cycle in rhesus 270 
macaques, only facial skin color seems to contain more reliable information about its timing. 271 
Skin color in this species, which lacks a prominent swelling, therefore appears to contain similar 272 
information about the timing of the fertile phase as has been shown for swelling size in other 273 
catarrhine primates (graded-signal hypothesis: Nunn 1999; e.g., Deschner et al. 2004; Brauch et 274 
al. 2007; Higham et al. 2008). 275 
  276 
Previous descriptive studies using subjective color measures have also reported that 277 
hindquarter color varies throughout the ovarian cycle and is most intense during mid-cycle (the 278 
presumed time of the fertile phase) in single-caged rhesus macaque females (Baulu 1976; Czaja 279 
et al. 1977). Our results suggest that the period during which the highest R/G values are 280 
reached includes, but might exceed, the fertile phase and thus only contains partial information 281 
regarding its timing. In the only other study to combine detailed hormonal data with an 282 
objective measure of hindquarter sexual skin color, Higham et al. (2008) showed that, in olive 283 
baboons, the color of the sexual swelling does not contain information regarding the timing of 284 
the fertile phase. Although more studies are needed, it appears that in cercopithecines, color 285 
changes in the skin of the anogenital region and its surrounding areas contain some information 286 
regarding the probability of fertility, but perhaps only in the absence of sexual swellings.  287 
 14 
 288 
In addition to color in the hindquarters, Baulu (1976) also examined facial coloration in rhesus 289 
macaques and found that it did not show cycle-related changes. In contrast, our results suggest 290 
that facial color change contains reliable information about the timing of the fertile phase in 291 
this species. The discrepancy between these studies may be attributed to the accuracy of 292 
measurements. Baulu (1976) measured color based on weekly observer ratings and estimated 293 
the timing of ovulation from menstruation date, both of which might not produce reliable data. 294 
Our results for facial coloration are in accord with studies in other primate species: facial skin 295 
was reddest during the periovulatory period of Japanese macaques (Fujita et al. 2004) and 296 
mandrills (Mandrillus sphinx; Setchell et al. 2006), although it should be noted that these 297 
studies used either an objective measure of color (Setchell et al. 2006) or reproductive status 298 
(Fujita et al. 2004), but not a combination of the two. More studies using objective measures to 299 
investigate the role of color change as a sexual signal in areas outside the anogenital region are 300 
clearly needed. 301 
 302 
In order to establish whether skin color change in rhesus macaques acts as a signal of the timing 303 
of the fertile phase, it is crucial to determine whether males can perceive and interpret the 304 
information contained therein (Snowdon 2004; Maynard-Smith and Harper 2005). An effective 305 
way to achieve this is with an experimental approach that examines the impact of skin color 306 
variation on male behavior in isolation from other potential signals and cues of female 307 
reproductive status (e.g. female behaviors; Engelhardt et al. 2005). In pioneering experiments, 308 
Waitt et al. (2006) showed that single-caged rhesus macaque males gaze longer at red than 309 
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non-red images of female hindquarters (but showed no difference for female faces), while 310 
Deaner et al. (2005) found no effect of skin redness in the motivation of rhesus macaque males 311 
(as measured by juice sacrifice) to view female faces or hindquarters. As detailed reproductive 312 
hormone data were unavailable in these two experiments, it is unknown exactly what stage of 313 
the ovarian cycle the images used represented, which could have influenced results. Male 314 
rhesus macaques do pay selective attention to red color associated with pregnancy in images of 315 
female faces (Gerald et al. 2009), thus red facial coloration is able to attract male attention. 316 
However, skin color in the faces and hindquarters of females may contain information other 317 
than the timing of the fertile phase which may or may not be of interest to males, such as age 318 
(Strum and Western 1982), degree of sociability (Waitt et al. 2006) or parity (Gauthier 1999; 319 
Setchell et al. 2006; Higham et al. 2008). In order to investigate skin color change as a signal of 320 
the timing of the fertile phase in this species further, more experiments are required using 321 
stimuli based on detailed reproductive hormone data. Future experiments should also ideally 322 
be designed in a manner that takes into account the specifics of the rhesus visual system 323 
(Stevens et al. this issue). 324 
 325 
If skin color does act as a visual signal of the timing of the fertile phase, it remains unclear why 326 
rhesus macaques have secondarily lost sexual swellings in their evolution only to express the 327 
information about the timing of the fertile phase with a different signal. Perhaps the costs of 328 
color change are less than those associated with swellings (e.g. increased body weight, parasite 329 
loads, risks of injuries, and water retention; reviewed in Nunn 1999). As skin color change in the 330 
perineal area may be less conspicuous than swelling size, it may be more visible if it covers a 331 
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larger skin surface: legs, thighs, tails and face. The sexual skin on the chest and abdomen of 332 
gelada baboons has been explained by the large amount of time this species spends sitting on 333 
the ground feeding, which hides the anogenital area (Dixson 1983; 1998). This explanation 334 
could also apply to rhesus macaques since they may be one of the most terrestrial macaque 335 
species (Napier and Napier 1967): wild rhesus macaques spend a significant amount of time 336 
feeding on herbs and grass in some populations (Goldstein and Richard 1989),  there is variation 337 
in diet and habitat use between sites (e.g., Lindburg 1977; Seth et al. 2001). Although we know 338 
little about the ecological conditions under which rhesus macaques evolved, it is likely that an 339 
ecological force would be at play in the evolution of a sexual signal in the skin in the upper 340 
body. If color change is more visible to potential male receivers in the face than in the 341 
hindquarters in rhesus macaques, it may be that facial skin color change is more likely to have 342 
been selected as a reliable signal of the timing of the fertile phase, as is suggested by our 343 
results.  344 
 345 
It is important to note that changes in color may occur more quickly and less predictably than 346 
changes to the size of a swelling since stress, emotion and social interactions may affect blood 347 
flow, and thus skin redness, in a short-term manner independent of reproductive hormones 348 
(Changizi et al. 2006; Bradley and Mundy 2008). If the information contained in color change 349 
can be interpreted by males, this information could perhaps be used more effectively by those 350 
males who can monitor females on a regular basis (e.g., during a long consortship: Higham et al. 351 
2009). Moreover, as baseline and maximal colors vary between females in this species (Brent et 352 
al., unpublished data), previous experience with a given female may be crucial to the 353 
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interpretation of the signal. Information regarding the timing of the fertile phase may therefore 354 
be unevenly distributed among males, which may potentially allow females to alter costs and 355 
benefits of male monopolization and bias paternity toward preferred males (Nunn 1999; van 356 
Schaik et al. 1999). A combination of behavioral and genetic data, along with objective 357 
measurements of hormones and color, may shed light on the function of sexual skin color in 358 
rhesus macaques, and lead to a greater general understanding of the evolution of sexual 359 
signaling in primates.  360 
361 
 18 
REFERENCES  362 
 363 
Alvarez F (1973) Periodic changes in the bare skin areas of Theropithecus gelada. Primates 364 
14:195-199 365 
Aujard F, Heistermann M, Thierry B, Hodges JK (1998) Functional significance of behavioral, 366 
morphological, and endocrine correlates across the ovarian cycle in semifree ranging 367 
female tonkean macaques. American Journal of Primatology 46:285-309 368 
Barelli C, Heistermann M, Boesch C, Reichard UH (2007) Sexual swellings in wild white-handed 369 
gibbon females (Hylobates lar) indicate the probability of ovulation. Hormones and 370 
Behavior 51:221-230 371 
Baulu J (1976) Seasonal sex skin coloration and hormonal fluctuations in free-ranging and 372 
captive monkeys. Hormones and Behavior 7:481-494 373 
Behboodi E, Katz DF, Samuels SJ, Tell L, Hendrickx AG, Lasley BL (1991) The use of a urinary 374 
estrone conjugate assay for detection of optimal mating time in the cynomologus 375 
macaque (Macaca fascicularis). Journal of Medical Primatology 20:229-234 376 
Bergman TJ, Beehner JC (2008) A simple method for measuring colour in wild animals: 377 
Validation and use on chest patch colour in geladas (Theropithecus gelada). Biological 378 
Journal of the Linnean Society 94:231-240 379 
Bernstein IS (1963) Social activities related to rhesus monkey consort behavior. Psychological 380 
Reports 13:375-379 381 
Bosu WTK, Johansson EDB, Gemzell C (1973) Ovarian steroid patterns in peripheral plasma 382 
during the menstrual cycle in the rhesus monkey. Folia primatologica 19:218-234 383 
 19 
Bradley BJ, Mundy NI (2008) The primate palette: the evolution of primate coloration. 384 
Evolutionary Anthropology 17:97-111 385 
Brauch K, Pfefferle D, Hodges K, Möhle U, Fischer J, Heistermann M (2007) Female sexual 386 
behavior and sexual swelling size as potential cues for males to discern the female 387 
fertile phase in free-ranging Barbary macaques (Macaca sylvanus) of Gibraltar. 388 
Hormones and Behavior 52:375-383 389 
Carpenter CR (1942) Sexual behavior of free ranging rhesus monkeys (Macaca mulatta). I. 390 
Specimens, procedures and behavioral characteristics of estrus. Journal of Comparative 391 
Psychology 33:113-142 392 
Changizi MA, Zhang Q, Shimojo S (2006) Bare skin, blood and the evolution of primate colour 393 
vision. Biology Letters 2:217-221 394 
Cleveland R, Wilkes S, Sabotka G (1943) Color measurement of the sexual skin of the macacus 395 
rhesus by the Munsell system of color annotation. Endocrinology 33:289-296 396 
Czaja JA, Robinson JA, G. ES, Scheffler G, Goy RW (1977) Relationship between sexual skin 397 
colour of female rhesus monkeys and midcycle plasma levels of oestradiol and 398 
progesterone. Journal of Reproduction and Fertility 49:147-150 399 
Deaner RO, Khera AV, Platt ML (2005) Monkeys pay per view: adaptive valuation of social 400 
images by rhesus macaques. Current Biology 15:543-548 401 
Deschner T, Heistermann M, Hodges JK, Boesch C (2003) Timing and probability of ovulation in 402 
relation to sex skin swelling in wild West African chimpanzees, Pan troglodytes verus. 403 
Animal Behaviour 66:551-560 404 
 20 
Deschner T, Heistermann M, Hodges K, Boesch C (2004) Female sexual swelling size, timing of 405 
ovulation and male behavior in wild West African chimpanzees. Hormones and Behavior 406 
46:204-215 407 
Dixson AF (1983) Observations on the evolution and behavioral significance of 'sexual skin' in 408 
female primates. Advances in the Study of Behavior 13:63-106 409 
Dixson AF (1998) Primate Sexuality: Comparative Studies of Prosimians, Monkeys, Apes, and 410 
Human Beings. Oxford University Press, New York 411 
Engelhardt A, Hodges JK, Niemitz C, Heistermann M (2005) Female sexual behaviour, but not 412 
sex skin swelling, reliably indicates the timing of the fertile phase in wild long-tailed 413 
macaques (Macaca fascicularis). Hormones and Behavior 47:195-204 414 
Engelhardt A, Pfeifer J-B, Heistermann M, Niemitz C, van Hooff JARAM, Hodges JK (2004) 415 
Assessment of female reproductive status by male longtailed macaques, Macaca 416 
fascicularus, under natural conditions. Animal Behaviour 67:915-924 417 
Fernandez AA, Morris MR (2007) Sexual selection and trichromatic color vision in primates: 418 
Statistical support for the preexisting-bias hypothesis. The American Naturalist 170:10-419 
20 420 
France JT (1981) Overview of the biological aspects of the fertile period. International Journal of 421 
Fertility 26:143-152 422 
Fujita S, Mitsunaga F, Sugiura H, Shimizu K (2001) Measurement of urinary and fecal steroid 423 
metabolites during the ovarian cycle in captive and wild Japanese macaques, Macaca 424 
fuscata. American Journal of Primatology 53:167-176 425 
 21 
Fujita S, Sugiura H, Mitsunaga F, Shimizu K (2004) Hormone profiles and reproductive 426 
characteristics in wild female Japanese macaques (Macaca fuscata). American Journal of 427 
Primatology 64:367-375 428 
Gauthier CA (1999) Reproductive parameters and paracallosal skin color changes in captive 429 
female Guinea baboons, Papio papio. American Journal of Primatology 47:67-74 430 
Gerald MS, Waitt C, Little AC (2009) Pregnancy coloration in macaques may act as a warning 431 
signal to reduce antagonism by conspecifics. Behavioural Processes 80:7-11 432 
Gesquiere LR, Wango EO, Alberts SC, Altmann J (2007) Mechanisms of sexual selection: Sexual 433 
swellings and estrogen concentrations as fertility indicators and cues for male consort 434 
decisions in wild baboons. Hormones and Behavior 51:114-125 435 
Goldstein SJ, Richard AF (1989) Ecology of rhesus macaques (Macaca mulatta) in northwest 436 
Pakistan. International Journal of Primatology 10:531-567 437 
Heistermann M, Finke M, Hodges JK (1995) Assessment of female reproductive status in 438 
captive-housed Hanuman langurs (Presbytis entellus) by measurement of urinary and 439 
fecal steroid excretion patterns. American Journal of Primatology 37:275-284 440 
Heistermann M, Tari S, Hodges JK (1993) Measurement of faecal steroids for monitoring 441 
ovarian function in New World primates, Callitrichidae. Journal of Reproduction and 442 
Fertility 99:243-251 443 
Heistermann M, Uhrigshardt J, Husung A, Kaumanns A, Hodges JK (2001) Measurement of 444 
faecal steroid metabolites in the lion-tailed macaque (Macaca silenus): A non-invasive 445 
tool for assessing female ovarian function. Primate Report 59:27-42 446 
 22 
Higham JP (2006) The reproductive ecology of female olive baboons (Papio hamadryas anubis) 447 
at Gashaka-Gumti National Park, Nigeria. PhD Thesis, Roehampton University 448 
Higham JP, MacLarnon AM, Ross C, Heistermann M, Semple S (2008) Baboon sexual swellings: 449 
Information content of size and color. Hormones and Behavior 53:452-462 450 
Higham JP, Semple S, MacLarnon A, Heistermann M, Ross C (2009) Female reproductive 451 
signaling, and male mating behavior, in the olive baboon. Hormones and Behavior 452 
55:60-67 453 
Jeffcoate SL (1983) Use of rapid hormone assays in the prediction of ovulation. In: Jeffcoate SL 454 
(ed) Ovulation: Methods for Its Prediction and Detection. Wiley, Chichester, pp 67-82 455 
Lindburg DG (1977) Feeding behaviour and diet of rhesus monkeys (Macaca mulatta) in a 456 
Siwalik forest in north India. In: Clutton-Brock TH (ed) Primate Ecology: Studies of 457 
Feeding and Ranging Behaviours in Lemurs, Monkeys and Apes. Academic Press, New 458 
York, pp 223-249 459 
Matthews LH (1956) The sexual skin of gelada baboons (Theropithecus gelada). Transactions of 460 
the Zoological Society of London 28:543-552 461 
Maynard-Smith J, Harper D (2005) Introduction: What are signals? In: Maynard-Smith J, Harper 462 
D (eds) Animal signals. Oxford University Press, Oxford, pp 1-15 463 
Möhle U, Heistermann M, Dittami J, Reinberg V, Wallner B, Hodges JK (2005) Patterns of 464 
anogenital swelling size and their endocrine correlates during ovulatory cycles and early 465 
pregnancy in free-ranging Barbary macaques (Macaca sylvanus) of Gibraltar. American 466 
Journal of Primatology 66:351-368 467 
Napier JR, Napier PH (1967) A Handbook of Living Primates. Academic Press, London 468 
 23 
Nunn C (1999) The evolution of exaggerated sexual swellings in primates and the graded signal 469 
hypothesis. Animal Behaviour 58:229–246 470 
Rhodes L, Argersinger ME, Gantert LT, Friscino BH, Hom G, Pikounis B, Hess DL, Rhodes WL 471 
(1997) Effects of administration of testosterone, dihydrotestosterone, oestrogen and 472 
fadrozole, and aromatase inhibitor, on sex skin colour in intact male rhesus macaques. 473 
Journal of Reproduction and Fertility 111:51-57 474 
Setchell J, Wickings EJ, Knapp LA (2006) Signal content of red facial coloration in female 475 
mandrills (Mandrillus sphinx). Proceedings of the Royal Society B: Biological Sciences 476 
273:2395-2400 477 
Seth PK, Chopra PK, Seth S (2001) Indian rhesus macaque: Habitat, ecology and activity patterns 478 
of naturally occurring populations. Envis Bulletin: Wildlife and Protected Areas 1:68-80 479 
Shideler SE, Orturo AM, Moran FM, Moorman EA, Lasley BL (1993) Simple extraction and 480 
enzyme immunoassays for estrogen and progesterone metabolites in the feces of 481 
Macaca fascicularis during non-conceptive and conceptive ovarian cycles. Biology of 482 
Reproduction 48:1290-1298  483 
Sillén-Tullberg B, Møller AP (1993) The relationship between concealed ovulation and mating 484 
systems in anthropoid primates: A phylogenetic analysis. The American Naturalist 141:1-485 
25 486 
Snowdon CT (2004) Sexual selection and communication. In: Kappeler PM, van Schaik CP (eds) 487 
Sexual Selection in Primates: New and Comparative Perspectives. Cambridge University 488 
 Press, Cambridge, pp 57-70 489 
 24 
Stevens M, Parrage CA, Cuthill IC, Partridge JC, Troscianko TS (2007) Using digital photography 490 
to study animal coloration. Biological Journal of the Linnean Society 90:211-237 491 
Strum SC, Western JD (1982) Variations in fecundity with age and environment in olive baboons 492 
(Papio anubis). American Journal of Primatology 3:61-76 493 
Surridge AK, Osorio D, Mundy NI (2003) Evolution and selection of trichromatic vision in 494 
primates. Trends in Ecology and Evolution 18:198-205 495 
Thomson JA, Hess DL, Dahl KD, Iliff-Sizemore SA, Stouffer RL, Wolf DP (1992) The Sulawesi 496 
crested black macaque (Macaca nigra) menstrual cycle: Changes in perineal tumescence 497 
and serum estradiol, progesterone, follicle-stimulating hormone, and luteinizing 498 
hormone levels. Biology of Reproduction 46:879- 884 499 
van Schaik CP, van Noordwijk MA, Nunn CL (1999) Sex and social evolution in primates. In: Lee 500 
PC (ed) Comparative Primate Socioecology. Cambridge University Press, Cambridge, pp 501 
204-240 502 
Waitt C, Buchanan-Smith HM (2006) Perceptual considerations in the use of colored 503 
photographic and video stimuli to study nonhuman primate behavior. American Journal 504 
of Primatology 68:1054-1067 505 
Waitt C, Gerald MS, Little AC, Krebs JR (2006) Selective attention toward female secondary 506 
sexual color in male rhesus macaques. American Journal of Primatology 68:738-744 507 
Wilcox AJ, Weinberg CR, Baird DD (1995) Timing of sexual intercourse in relation to ovulation. 508 
New England Journal of Medecine 333:1517-1522 509 
Zinner DP, van Schaik CP, Nunn CL, Kappeler PM (2004) Sexual selection and exaggerated sexual 510 
swellings of female primates. In: Kappeler PM, van Schaik CP (eds) Sexual Selection in 511 
 25 
Primates: New and Comparative Perspectives. Cambridge University Press, Cambridge, 512 
pp 71-89 513 
Zuckerman S, van Wagenen G, Gardner RH (1938) The sexual skin of the rhesus monkey. 514 
Proceedings of the Zoological Society of London 108:385-401 515 
 516 
517 
 26 
ACKNOWLEDGEMENTS 518 
 519 
We thank the Caribbean Primate Research Center for permission to undertake research on 520 
Cayo Santiago; Juliet Alla, Julie Cascio, Camille Guillier, Edith Hovington, and Charlie McIntyre 521 
for assistance in data collection; Andrea Heistermann and Jutta Hagedorn for technical 522 
assistance in hormonal extraction and analysis; and the CPRC employees. We are grateful to 523 
James Higham for inviting us to contribute to this special edition of IJP on primate coloration. 524 
We thank Christoff Neumann for fruitful discussions and Bernard Chapais, James Higham and 525 
two anonymous reviewers for insightful comments on an earlier version of the manuscript. This 526 
project was funded by PhD fellowships awarded to C. Dubuc (SSHRC and Université de 527 
Montréal) and L.J.N. Brent (NSERC and Roehampton University). The investigation was 528 
approved by the IACUC of the University of Puerto Rico, Medical Sciences Campus. This 529 
publication was made possible by Grant Number CM-20-P40RR003640 from the National 530 
Center for Research Resources (NCRR), a component of the National Institutes of Health (NIH). 531 
Its contents are solely the responsibility of the authors and do not necessarily represent the 532 
official views of NCRR or NIH. 533 
 534 
 535 
 536 
537 
 27 
 538 
 539 
Figure 1: Location of sexual skin in female rhesus macaques. Squares and dashed lines illustrate 540 
how the areas in which color was measured were selected (enlarged versions of 10x10 pixels, 541 
see Methods for details).  542 
 543 
 544 
Figure 2: Composite hormonal profile of the 10 ovarian cycles included in this study. Black line: 545 
PdG; dashed gray line: E1C. Values represent means + SEM. 546 
 547 
Figure 3: Composite sexual skin color profile throughout the ovarian cycle. Values represent the 548 
mean percentage of maximum R/G reached for each cycle. N=10 cycles for facial skin, N=8 549 
cycles for hindquarter skin.  550 
 551 
 552 
Figure 4: Red to green ratio for the cycles of individual females for the 3 defined phases. N=10 553 
cycles for facial skin, N=8 cycles for hindquarter skin.  554 
 555 
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Dear Dr. Higham, 
Many thanks for the reviews of our manuscript (#IJOP-D-09-00025) and the invitation to 
resubmit this paper. We were pleased to note that you and the two referees found that our 
study was an interesting contribution to the literature on color signaling in primates. We have 
now revised the paper in line with the comments received. We detail below the way in which 
we have dealt with the points raised by each of the referees in turn. 
 
We thank you for your continued consideration of this manuscript. 
 
Yours sincerely, 
Constance Dubuc, Lauren Brent, Amanda Accamando, Melissa Gerald, Ann MacLarnon, Stuart 
Semple, Michael Heistermann and Antje Engelhardt 
 
 
Comments from the Editor (Primate Coloration_Color Vision) 
 
Both Reviewers and I are in agreement that your manuscript represents an interesting 
contribution to the literature on color signaling in primates, being one of the few studies so far 
to have combined quantitative and objective measures of both coloration and the female 
endocrine cycle. However, some revisions are necessary before the manuscript might be 
acceptable for publication in IJP. I would like to highlight a few of the Reviewer comments, and 
add some of my own. 
 
1)     I agree with Reviewer 2 that more information about the error contained in your method 
would be helpful, especially with regards to how consistent your R:G measurements are 
(especially for example, for each female on a given day). If there is variability in this, is this 
because of error in the method, or is it because, as Reviewer 1 queries, there is variation within 
a female within a day? 
 
There is only one good image available for the same female on a given day and thus we cannot 
conduct the analysis suggested here. As we expect color to vary day-to-day throughout the 
reproductive cycle, calculating intra-individual color variation using pictures taken during 
different days does not appear to be a good alternative. However, we now provide more details 
about the method to respond to the other issues raised by Reviewers 1 and 2 (see P6 L131-136; 
P 8 L162-171).  
 
2)     Both Reviewers would have liked some analysis of the multiple cycles available for each 
female. However, I only partly agree with Reviewer 2 that it would be better to undertake 
mixed-modeling on these data to enable you to analyze the whole dataset at the same time. 
This is because, although you have discarded data at present (which is not ideal), using GLMMs 
on very small datasets is not ideal either. Have you tried undertaking the analyses both ways - 
firstly, as you do it now with only one cycle per female, and secondly using GLMMs on the 
whole dataset with multiple cycles from the same female accounted for by the inclusion of 
random factors in the model? If the two sets of analyses produced results that did not differ in 
*Response to Reviewer Comments
their significance, then this would be very convincing, and you would only have to present one 
set, stating in the methods that it makes no difference how the data are treated. This would 
head off any concerns from readers who might, like Reviewer 2, feel that mixed models are the 
way forward for these data. 
 
We thank both the editor and reviewer 2 for their comments on the statistical method used. 
Analyses conducted with GLMMs and non-parametric tests did not differ in their significance, 
which is stated in the methods, as suggested. We present the results of the GLMMs only 
because it allows us to conduct regression, which gives more refined information concerning 
whether color change contains information about the timing of the fertile phase. Please see 
changes in the Methods (P6 L121-124, P10 L210-213, P11 L223-226 and 228248, Results (P12 
L252-259), and Discussion (P12 L265-2741, P13 L2798-286 P16 L340-343) sections. 
 
3)     Looking at Figure 3, it seems to me that, while hindquarter color does not indicate the 
timing of the fertile phase, it does seem to rise significantly above all other values around the 
time of ovulation specifically. I am surprised that you have not attempted to analyze this. 
Although we can usefully define an assumed fertile period around the estimated ovulation 
date, in which we treat each day as being of equal conceptive probability, the authors are 
surely aware that this is not really the case, and that there is really a function of conceptive 
probability within this fertile phase that is likely to be much higher around ovulation than, say, 
3 days before it (when the female may be fertile, but with low probability of conception). From 
Figure 3, it looks like the clearest result of all was a sudden rise in hindquarter R:G around 
ovulation, which would match conceptive probability quite well probably. Of course it might 
not be possible to detect this statistically if you focus only on R:G through the fertile phase 
generally, as for most of this period the R:G of the hindquarters does not differ from any other 
part of the cycle. Is it possible to undertake an analysis of color change specifically with respect 
to ovulation timing versus other parts of the cycle, rather than the fertile phase more 
generally? 
 
We thank the editor for raising this point. However, giving the gap in sample collection before 
the significant PdG rise, we consider that the estimated day of ovulation cannot be established 
precisely enough to conduct analyses as suggested by the editor. Moreover, the figure 3 
generated with the new data set no longer supports the potential pattern described here. 
  
 
Some minor editorial comments are: 
 
1)     In the abstract I think it is better to stick to the present tense (i.e. 'we show' rather than 
'we showed' (lines 33 & 38). 
 
These changes have been made. 
 
2)     There is more to fertility than just intra-cycle likelihood of conception - the term also 
includes inter-cycle differences in the likelihood of conception. As you do not attempt to assess 
whether there were differences in color between conceptive and non-conceptive cycles (which 
you could have looked at in your dataset), I would make it clear that your analysis is of color 
changes associated with the intra-cycle likelihood of conception. This concerns the Abstract 
(line 25), where you state that you investigate "whether changes in sexual skin color contain 
information about fertility". Please clarify this. Also in the Introduction (pg 3, line 38), you state 
that "Given that changes in the sexual skin of cercopithecines occur over the ovarian cycle, they 
may contain information regarding when females are most likely to be fertile", whereas I think 
you mean that they may contain information regarding the intra-cycle likelihood of conception 
specifically. 
 
We thank the editor for this input. We now use the expression “the timing of the fertile phase” 
or /within cycle probability of fertility” instead of “fertility” (Please see P2 L27-28, P3 L63-64, P4 
L78, P5 L91-92, P14 L290, P15 L302-303).  
 
3)     Pg 4, line 53 - Is 'raspberry red' a defined color? If not is it the best description? It seems to 
me to be a culture-specific color reference that may be lost on many primate habitat country 
readers. 
 
We now use the expression “deep red” which is more neutral (P4 L88).  
 
4)     It would be helpful to add continuous line numbers to the manuscript for the revision. 
 
We added new numbering. We hope that the presence of two sets of line numbering will not be 
confusion during the review process (as the IJP automated system adds non-continuous line 
numbering when the manuscript is transformed in .PDF format). 
 
Reviewer #1:  
This paper examines the possible association between skin color changes and ovulation in 
rhesus macaques. The manuscript is logically framed and well-written, and the results (namely 
that facial skin color might indicate fertility but rump skin color probably does not) provide an 
important and interesting complement to previous work examining how male rhesus macaques 
attend to female face and rump coloration.  This is one of the few studies with matched 
hormonal data indicating fertility and objective measures of skin coloration. And, although it is 
a relatively small sample, it represents an important first step in understanding the evolution 
and maintenance of this striking aspect of primate coloration.  
 
The manuscript is well worth publishing in IJP and requires only minor modification. 
 
In fact, my only major criticism is that more information should be given on the timing and 
context in which the photographs were taken. Were photos always taken at the same time of 
day and within the same behavioral context (e.g. feeding)? How much does individual skin color 
vary throughout the day?   
 
Thank you for bringing this to our attention. We now provide this information in the methods 
section (See Methods P6 L133-136). As the images were captured around the same time every 
day, during a period of travelling and feeding, there should not be biases in our data due to the 
time of day or behavioral context.  
 
The methods state that only one ovarian cycle was used for each female in order to avoid 
repeated measures of the same individuals, but were females tested over >1 cycle? If so, was 
there individual variation, or were results consistent, across cycles? It would be helpful to clarify 
these things in the methods. 
 
The change in statistical method (GLMM) allows us to use all cycles for which we have enough 
hormonal and color data in order to establish a pattern. However, there are only two females 
for which two cycles are available and thus there are not enough data to conduct intra-female 
comparisons. Figure 4 now illustrate both inter- and intra-individual variation.  
 
 
Reviewer #2:  
 
This study focuses on primate skin coloration in the context of sexual signaling, investigating 
whether the variations of skin color in two locations of the female body (the face and the 
hindquarters) reflect the timing of the fertile phase of the menstrual cycle in rhesus macaques, 
a species which does not produce sexual swellings. Their results show that facial color is 
significantly redder during the fertile phase than during the pre- and post- fertile phases, 
whereas the colorations of hinquarters do not show such variation. These results are discussed 
in the context of previous results and within an evolutionary perspective.  
 
The manuscript is overall clearly written, relies on well-described, apparently reliable 
methodology and the results answer the research questions. This study does not tackle a new 
question, as several studies have already investigated the links between sexual skin or facial 
color variations and the different phases of female menstrual cycle. However, this study tackles 
these issues using more reliable methods, i.e. quantitative assessment of skin coloration and 
hormonal measures indicating the timing of ovulation.  
 
Some minor comments are listed below using page and line numbers: 
 
P2, L. 28. Maybe change "Females do express changes in the…" into "Females do express 
visually detectable changes in the…"? 
 
 The change has been made (P2 L33). 
 
P2. L. 33 to 35. The study does not present any test showing that the coloration of the 
hindquarters varies throughout the cycle. And the extent of variation present in Figure 3 is too 
important to make such conclusion solely from the visual inspection of the graph. It is also not 
mentioned in this graph whether the error bars display confidence intervals (CI) and if so, the 
alpha value to draw these CI, or the range of values observed in the sample. This does not help 
to make inferences directly from the graph without statistical test. This comment also concerns 
the presentation of the results P. 11, lines 51-59. 
 
We thank reviewer 2 for this comment. We now present statistical analysis showing that 
coloration significantly varies throughout the cycle in the hindquarters.   
  
As for the error bars, we used S.E.M. and the information is available in the figures and their 
title. 
 
 
The introduction and discussion present repeats that could be avoided. For instance, the idea 
that studies using objective assessments of color and reproductive status are required appears 
at least 3 times:  
-     P4, L. 35-43 
-     P5, L. 28-36. 
-     P13, L. 20-21. 
P5, L.49-54. "This constitutes the first study…"   I leave this to the authors but this kind of 
sentence is often discouraged. Authors have already clearly presented the novelty of their 
study compared to previous ones within the 2 previous paragraphs, so this sentence does not 
add much. 
 
We appreciate the comments from Reviewer 2 regarding these matters of style. After 
consideration, we decided not to change our phrasing as we feel it helps readers understand in 
what context the study was conducted, especially as the article will be published in a special 
issue on color studies in primatology.  
 
P5, L.48: It is perfectly clear that this study examines whether color changes reveal information 
about the timing of fertile phase but it is not clear to me how this study examines to what 
extent these changes reveal information about the timing of fertile phase. There is nothing 
mentioned in the results regarding this, and the statistics do not compare quantitative variables 
(which could, for instance, generate quantitative estimates describing the relationship linking 
color changes and hormonal levels) but assess the effect of a categorical factor (menstrual cycle 
phase) on a quantitative variable (R/G ratio in sexual skin). So I would suggest deleting this third 
aim, or finding a way to justify it at some point.  
 
Thank you for bringing this to our attention. We rephrased the aims in the introduction in a way 
that fits this comment (P5, L107-108 verify lines). We think that this new phrasing should satisfy 
Reviewer 2’s concern, and that it is actually a more appropriate way to express the aims of this 
study. Moreover, it should be noted that we now assess the impact of a quantitative variable on 
R/G values instead of assessing the effect of a categorical factor.  
 
P6, L. 30-34 "To avoid a disproportionate contribution of individual females to the dataset, we 
used one ovarian cycle per female..*". There are statistical methods that allow taking into 
account repeated measures per individual in an observational dataset (e.g. mixed-model 
procedures). The statistical approach used is correct, but does not exploit the full potential of 
the dataset. A great deal of efforts has been provided to use powerful methods (by combining 
endocrinological data with objective measures of color) in generating the data, but the 
statistical approach constrains to discard part of the dataset, and loses considerable power in 
analysing the remaining part… Which weakens the paper unnecessarily.  
 
We thank Reviewer 2 for suggesting the use of this method. The change has been made (see our 
response to the editor for more details). 
 
P8, L. 20. There is no explanation of how the locations of the pixel areas were chosen, or why 
these particular areas were selected. Figure 1 shows where these areas are, but does not 
provide any explanation of how the dashed lines were used to locate an area. That would be 
interesting because I suspect these areas may be difficult to locate depending on the angle of 
your photo. And with respect to this latter point, the methods do not provide any precisions 
regarding the angle of the shots, and whether any precautions were taken to minimize this 
possible bias. 
 
More information regarding the selection of the pixel areas and the precautions taken to 
minimize bias is now provided in the method section (P6 L131-132, P8 L162-171). 
 
There is no assessment of the error measure of the R/G ratio in the pictures: what is the mean 
variation of the R/G ratio between pictures of the same subject in the same location (i.e. face or 
hindquarters)?  Such measure is essential to interpret the results of this type of methodological 
design, especially for the hindquarters, which seem to show a great deal of inter-individual 
variations. And providing evidence for a relatively low error measure would be a convincing 
argument to conclude that "your method measures color accurately" (P.8, L.7) (probably more 
than the one used here). 
 
As mentioned in our comments to the editor, we do not have the data necessary to verify the 
measure error of our method as we did not collect more than one image per day per female for 
each region. 
 
P14, l. 27-33. Some sexual swellings appear to be much more complex in terms of their 
signalling content than just expressing information about the timing of the fertile periods, e.g. 
the gradual signal hypothesis (Nunn 1999). It is unclear whether the color changes of the 
macaque faces are gradual, and more generally if the signal content of (some) sexual swellings 
and macaque facial skin are close (except for the signaling of the fertile period). So it is difficult 
(and it may well even be wrong) to state "If facial skin color does act as a visual signal of the 
timing of the fertile phase, it remains unclear why rhesus macaques have secondarily lost 
sexual swellings in their evolution, only to express the information it usually contains with a 
different signal".  
 
We understand the reviewer’s concerns. We rephrased this in a way that states more clearly 
that we are discussing only one of the possible signals conveyed by swellings (Please see P15 
L326-327). 
 
P14, L. 48. Should read "They may be one of the most…" or "They may be among the most…" 
but not "They may be among one of the most…"? 
 
The change has been made (P15 L342). 
 
